Ionizing radiation can be used to control insect and microbial infestation of foodstuffs, inhibit sprouting, delay ripening and reduce the dangers from foodpoisoning bacteria. Irradiation produces free radicals, most of which decay rapidly, although some are more persistent. These latter radicals can be detected and characterized by electron spin resonance (ESR). In bone and other calcified tissues, the radiation-induced radicals are distinguishable from naturally occurring radicals, and their stability makes them ideal for radiation dosimetry. The radicals induced in plant material, such as seeds and dried spices, are generally indistinguishable from the endogenous radicals and decay over a period of days or weeks. However, in many of these materials, a radiation-specific radical can be detected at low concentration, thereby permitting identification of irradiated samples, although precluding accurate dosimetry. ESR, although not universally applicable, currently provides the most specific method for the detection of irradiated food.
Introduction
It has been established that exposure of certain foodstuffs to ionizing radiation can (i) prolong shelf life, (ii) control insect and microbial infestation, (iii) inhibit sprouting, (iv) delay ripening and (v) reduce the dangers from foodpoisoning bacteria. The method has not gained universal acceptance, but is now permitted for certain specified types of food in more than 30 countries and became legal in the United Kingdom in 1991. Radiation produces very little chemical change in the food -far less than that produced by other methods of food processing, in particular cooking -and the changes that are detected are generally minor changes in the concentration of compounds already present.
The main constituent of most foods is water, irradiation of water leading to the production of a number of highly reactive radicals:
These radicals are known to be damaging if produced in close proximity to biologically important molecules such as DNA. In irradiated food, these radicals decay almost instantaneously and are unlikely to constitute a hazard to the subsequent consumer.
O n the other hand, some radicals, produced in rigid structures such as bone or cellulose, persist long enough to be ingested. Some radicals undergo rapid decay when exposed to moisture, while others can withstand extreme treatment such as boiling. However, there is no evidence that any of these radicals constitute a hazard to health.
ESR detection of radicals
The presence of radiation-induced radicals in certain foodstuffs provides the possibility of using electron spin resonance (ESR) as a means of monitoring such foodstuffs for the purpose of control and enforcement of the regulations. However, since the nature of the radiation-induced radicals varies greatly from one type of food to another, their stability and ESR characteristics are best considered separately .
Fruit, nuts and spices
The fleshy parts of fruit contain too high a concentration of water for radiation-induced radicals to have sufficient lifetime to be detectable by ESR. Consequently, ESR signals are found only in the seeds or stones and in hard structures such as the stalk. In the case of nuts, it is the shell which is the most likely source of radiation-induced radicals. Many seeds and spices show a broad, non-specific endogenous signal, often associated with pigmentation. O n irradiation, this signal increases and, although detectable for days or even months, it decays with a rate that is dependent on storage conditions, in particular humidity and temperature [l-31. Since many plant tissues exhibit a six-line signal from traces of manganese (MnZf) ions [4,5], which appears to be unaffected by radiation, it is possible that this signal could be used as an internal standard for quantification of the free radical signal, for example in the case of strawberries (Fig. 1) . However, the magnitude of the endogenous free radical signal is probably dependent on the ripeness of the fruit. Hepburn et al. [6] have shown that sunlight-induced pigments give ESR signals similar to those produced by ionizing radiation. Storage of paprika at 50 "C in the dark or under artificial light at room temperature is also reported to increase the endogenous signal [7] . Further studies on irradiated strawberries [8] demonstrated the formation of a signal on either side of the main radical signal that was specific for ionizing radiation. This signal was later assigned to radicals in cellulosic constituents of the fruit [9], the two lines separated by about 60 G (6 mT) being the outer lines of a triplet with a z 3 0 G (3 mT). These authors showed that the radical was formed in the seeds or stones of many types of fruit. Subsequently, the 'cellulose' signal has been reported in the seeds and stems of many different irradiated fruit [8,10-131, in irradiated spices [7,12] and in the shells of irradiated nuts [12] . Complex radiation-induced signals have been observed in mango seeds, a singlet, a doublet with a z 1 5 G (1.5 mT) and a 'cellulose' signal with a z 5 5 G (5.5 mT) [5] . It is interesting to note that the latter signal was primarily located in the kernel rather than the seed coat, whereas in irradiated black pepper, the 'cellulose' signal is detectable only in the black coat (N.J.F. Dodd, unpublished work) ( 
Dried fruit and vegetables
The dry outer skin of onions, garlic and shallots give a singlet at g = 2.00 which is increased on irradiation and decays only slowly [5] . Similarly, irradiated dried vegetables give simple broad singlets which are similar in shape to those in the unirradiated samples, although of higher intensity, while the single line spectrum of unirradiated dried mushrooms is replaced, on irradiation, by a complex spectrum [IO] , possibly containing components from cellulose and sugar or other carbohydrate radicals. Irradiation of sultanas, which show no endogenous signal, gives rise to a complex signal that has a surprisingly high stability. Dried papaya 3) also give a similar signal on irradiation, and comparison of this radiation-induced signal with that from irradiated sugars suggests that it is produced in small crystals of sugar, formed during drying. Consequently, it is probable that many other dried fruits, that are likely to contain microcrystalline sugar, will give similar results.
Bone and shell
Radiation-induced radicals in bone were first reported about 40 years ago [19] and their stability led to the development of an ESR method of archaeological dating [20] . ESR was proposed for dosimetry of irradiated bone grafts [21, 22] , as a dosimeter in radiotherapy [23] and for dosimetry in cases of accidental exposure to radiation [24] . However, although some attempts were made to use ESR in the detection of irradiated food [1, has been widely examined by many groups and recently validated by a collaborative trial involving laboratories in six European countries and one EFTA country [181. Unirradiated bone gives a broad, weak, ESR signal that may be enhanced slightly by excessive grinding or heating. O n irradiation, an asymmetric signal is observed (Fig. 4) , that is characteristic of exposure to ionizing radiation and has, so far, not been produced by other treatments, including exposure to UV light or ultrasound. The signal is probably due to several different radicals, the major contribution being from C0,- [28] . The most extensive studies have been carried out using chicken bone, in particular the tibiotarsi, although qualitatively identical signals have been observed with bones of other poultry [29] , beef and pork [13, 30, 31] as well as frog [31, 32] . A small proportion of the radiation-induced radicals decay within days of irradiation, but the remaining radicals are stable indefinitely [33, 34] . In the case of chicken tibiotarsi, cooking produced no more than 10-15% reduction in the signal of the irradiated bones [29, 33] . Quantitatively, the harder, more calcified bones give a greater signal for a given radiation dose. This applies even within different bones of the same animal; for example, in chicken there is a 2-fold difference in dose response between the softer bones such as sternum and rib and the harder femur, tibiotarsus, humerus, radius and ulna [33] . Fish bones also show the same characteristic stable signal after irradiation [4, 30, 31, 35, 36] , although, as expected, this is much weaker than that in the harder bones, and in some cases other, broader signals are also observed. It has also been shown that the fins and scales of irradiated fish show weak but characteristic signals, some of which appear to be the same as that in bone, while others have different characteristics. In the case of irradiated cuticle of prawns and shrimps, some reports indicate the formation of C0,-radicals [4], while others suggest radicals from chitin [35] . There appear to be marked differences in the composition of the cuticle of different varieties [37] . The cuticle of scampi (Norway lobster, Nephrops norvegzcus) shows a characteristic singlet at g = 2.0009 in addition to a strong Mn2+ signal, present also in the unirradiated material [38,39]. The Mn2+ signal is also prominent in unirradiated crab and mussel shells. However, in the latter, the Mn2+ signal is complex (Fig. 5 ) , and when a single fragment is examined, it shows marked orientational effects. O n irradiation, both shells show the COz-radical signal, at much higher intensity than that in irradiated bone. The linewidth of this signal in mussel shell is narrower than that in crab shell or bone and also appears to be aligned within the matrix.
Quantification
While irradiation frequently produces an enhancement of the endogenous radical signal, this cannot be used as proof of irradiation, since many factors may influence the magnitude of the endogenous signal. Even where large increases are produced by radiation it would be necessary to make accurate quantitative measurements and to know the rate of decay of the signal. Consequently, one requires an ESR signal that is stable and specific for radiation. Three different radiation-specific signals have been detected in the various foodstuffs examined: the 'cellulose' signal, produced in many seeds, spices and the shells of nuts; the 'sugar' signal in dried fruit; the C0,-radical signal produced in calcified tissues, such as bone of all types and mollusc shells. The 'cellulose' signal decays, at a rate dependent on storage conditions, in particular moisture, although in date stones and the shells of pistachio nuts the signal has been observed 12 months after irradiation. Consequently, while the presence of this signal is proof of irradiation, it is difficult to estimate the radiation dose. Moreover, the absence of the signal cannot be taken as evidence that the substance has not been irradiated. The 'sugar' signal in dried fruit is stable, but can be removed by rehydration. Therefore, its presence can be taken as proof of irradiation, although its absence is only an indication that there has been no radiation exposure. Quantification of the radiation dose from the magnitude of the signal is unlikely to be accurate, since the concentration of microcrystalline sugars may vary from sample to sample. O n the other hand, it may be possible to estimate the original dose by re-irradiation. 
Semi-quantitative methods
The stable radiation-induced signal in calcified tissues initially increases linearly with radiation dose, but at higher doses a saturation effect is observed. The slope of the dose-effect curve and the dose at which saturation occurs both appear to be dependent on the degree of calcification and crystallinity [42-441 of the tissue. Thus the harder meat bones give a larger, less readily saturated signal than the softer fish bones [30,31,45] (Fig. 6) . In the case of poultry and fish, the saturation effects occur above the maximum U.K. requires precise calibration and measurement of many different parameters [47]. Consequently, in most cases relative measurements are made, comparing changes in the magnitude of the ESR signal and calibrating these against a standard sample of known radical concentration. However, these measurements are still influenced by changes in dielectric constant, which can be produced by differences in moisture content, and by the shape, size and position of the sample, since the response of a standard microwave cavity decreases rapidly as a small sample is moved away from the centre of the cavity (Fig. 7) . This latter problem can be minimized in one of two ways. The samples can be powdered and packed into precision bore sample tubes, to fill a depth greater than the depth of the cavity and corrections made for differences in packing density. Alternatively, single fragments of known weight can be carefully positioned at the centre of the cavity, within the region of uniformity, the signals being adjusted to unit weight. In this way, comparison of unknown samples with samples of similar tissue, irradiated to a known dose, can quickly provide a reasonable estimate of dose. However, care must be taken to select the correct tissue as standard, due to the large variation in dose response of different calcified tissues (Fig. 8) . The minimum detectable dose for beef or chicken bones is about 50 Gy, while for mussel shell it is as low as 5 G y [31], but for fish bones is about 500 Gy.
Quantitative met hods
It has been shown that samples of the same type of bone taken from different animals of the radiation response of each individual sample. This can be determined by re-irradiating the sample several times with a known dose and measuring the ESR signal after each irradiation. The original dose is then found by extrapolation to zero signal [30, 31] . In most cases, ESR measurements are made soon after each additional dose of radiation, without allowing time for the initial, rapid, radical decay to occur. The errors introduced by this procedure are probably small, but have not been investigated. Other sources of error are also present, since, in a sample of unknown origin, the original conditions of irradiation may not be reproduced. Several factors that might influence radiation response have been examined using chicken bones [33]. The dose rate and type of irradiation, e.g. lowdose-rate y-rays or high-dose-rate electrons, appear to have very little influence, but temperature during irradiation has a significant effect. The radical concentration in samples irradiated at -21 "C is 25% lower than that in samples irradiated at room temperature. Some foods are packed under C 0 2 , to reduce the growth of micro-organisms. This greatly increases the yield of C02-radicals in powdered bone, but may have no effect in intact bone surrounded by flesh. Cooking irradiated bone causes only a small (10-15%) loss in radiation-induced radicals, but irradiation of cooked bone produces about twice the number of radicals that are produced in uncooked bone. This appears to be due to the change in structure of the bone, in particular loss of collagen and consequent relative increase in calcium content.
Summary
ESR provides a quick and simple method of detecting a wide variety of irradiated foods, due to the appearance of certain radiation-specific signals. In many cases these signals decay within the lifetime of the food and at a rate that is highly dependent on storage conditions, particularly moisture content. Consequently, in such samples, dosimetry is impossible and the absence of a radiation-induced signal cannot be taken as proof that the food has not been irradiated. However, in the case of calcified tissues such as bone or shell the signal remains indefinitely and is unequivocal proof of irradiation. In such cases a qualitative test requires as little as 10 mg of material, which need not be completely dry or free of all traces of flesh or marrow, and the test can be completed within about 5 min. An approximate estimate of radiation dose can be obtained by comparison of the signal height per unit weight with that of an irradiated standard of a similar tissue, provided that the saturation point has not been reached. Accurate dosimetry requires re-irradiation and repeated ESR measurement of the sample, a long and expensive process. Moreover in the case of a cooked bone, it is essential to know whether the initial irradiation was carried out before or after cooking. However, under commercial conditions of irradiation, there will be a significant variation in dose within a batch, and it is only necessary to ensure that the food has been irradiated within certain limits of dose, in order to comply with the regulations. Thus the semi-quantitative ESR method will normally suffice. 
